The metal-to-insulator transition (MIT) of VO 2 films with a thickness of 3-100 nm on TiO 2 (001) substrates has been investigated. When varying the film thickness from 10 to 100 nm, the MIT temperature was first kept at 290 K in the range of 10-14 nm, and then increased with thickness increasing due to the strain relaxation. The origin of the suppressed transition in VO 2 films thinner than 6 nm was also investigated. When prolonging the in situ annealing time, the sharpness, amplitude and width of the transition for 4 nm thick films were all increased, suggesting improved crystallinity rather than Ti diffusion from the substrates. In addition, the MIT was suppressed when the VO 2 films were covered by a TiO 2 layer, indicating that the interface effect via the confinement of the dimerization of the V atoms should be the main reason.
Introduction
VO 2 , which was first investigated by Morin, has attracted a large amount of attention in the last few decades because of its peculiar properties and technological applications [1] [2] [3] [4] [5] . The bulk VO 2 undergoes a metal-to-insulator transition (MIT) at 67°C. During the transition, the crystalline structure varies from a monoclinic structure in the low temperature insulating phase to a tetragonal rutile structure in the high temperature metal phase. The transition mechanism of VO 2 has been under debate for many years. Until now, it is still unclear whether the transition follows the Peierls transition in the band theory or the Mott transition in the strong correlated system [6] [7] [8] [9] [10] [11] [12] . In early literature, the transition is regarded as the Peierls transition in the scheme of the band theory [6] [7] [8] [9] . However, the increasing phenomena indicate that the electronelectron correlation cannot be ignored and should be considered as an essential role in the transition [10] [11] [12] .
Many methods, such as doping, irradiation with x-ray and the electric field have been extensively employed to tune the MIT and to clarify the MIT mechanism in VO 2 [4, 13, 14] . Compared with other methods, using epitaxial strain is a straightforward and relatively efficient method to control the film structure and modify the MIT [15] [16] [17] . When grown on different substrates or on identical substrates but in differing orientations, the VO 2 films will suffer different strains, resulting in different MIT temperatures [15, [18] [19] [20] . Generally, tensile strain along the c-axis will increase the MIT temperature, and the compressive strain along the c-axis will decrease the MIT temperature. Recently, a detailed experiment via x-ray absorption spectroscopy demonstrated that the MIT transition is more sensitive to apical V-O bond length than to equatorial V-O bond length in the metallic state, and the elongation of the apical V-O bond length lowers the MIT temperature [17] . On the other hand, the strain state can also be remarkably affected by thickness. The in-plane lattice constant of the full-strained films will be coherent with that of substrates in heteroepitaxial structures. The strain energy will increase with the increasing thickness. When the strain energy increases to a critical value, defects will appear, and the strain will be gradually relaxed through the defects. It is reported that nanoscale line cracks due to thermal stress can induce strain relaxation in VO 2 films with thicknesses ranging from 10 to 30 nm [16] . In addition, if the thickness is only within several nanometers, the VO 2 films will show exotic properties [21, 22] . Moreover, the thickness also affects the performance in VO 2 -based nanoscale devices [23, 24] . Thus, an investigation about strain state evolution in a wider thickness range would be beneficial for understanding the MIT in VO 2 films.
In this paper, the strain effect in VO 2 films on TiO 2 (001) substrates was investigated in a thickness range from 3 to 100 nm. VO 2 films with a thickness from 10 to 14 nm were fully strained, so the MIT temperature was first kept at 290 K. When increasing the thickness, the transition temperature increased because of strain relaxation. On the other hand, the mechanism of the suppressed transition in the ultrathin VO 2 films with thicknesses from 3 to 6 nm was also investigated.
Experiments
VO 2 films with a thickness from 3 to 100 nm were prepared on TiO 2 (001) substrates by pulsed laser deposition. The ceramic V 2 O 5 target was prepared by standard solid state reactions. During the deposition, the laser energy density and laser repetition rate were constant at 2 J cm −2 and 5 Hz, respectively. The growth oxygen pressure (P O ) was 1.3 Pa, and the substrate temperature was fixed at 370°C. After deposition, the 4 nm thick film was annealed in situ for 10, 40, 90 and 160 min, and other films were annealed in situ for 10 min. Then, each film was cooled to room temperature while P O was kept at 1.3 Pa for about 60 min. The TiO 2 films with different thicknesses were deposited on the 5 nm thick VO 2 films at 370°C. The resistance was conducted on the Quantum Design physical property measurement system (PPMS). The films' thicknesses were determined by analyzing the Laue fringes around the high-angle peak in the x-ray diffraction profile. The surface morphology of the films was analyzed by atomic force microscopy (AFM, Vecco, MultiMode V).
Results and discussion
Both the TiO 2 substrates and the metal phase of the VO 2 possess the rutile structure. The TiO 2 substrate has the lattice constants a S = 4.592 Ǻ and c S = 2.959 Ǻ, while the bulk VO 2 has those of a B = 4.554 Ǻ and c B = 2.855 Ǻ. Thus, the VO 2 films experience an isotropic in-plane strain (+0.863% along both the [010] and [100] directions) from the TiO 2 (001) substrates. We first studied VO 2 films with thicknesses ranging from 10 to 100 nm. Figure 1 (a) shows the XRD linear scans around the (002) reflections from films with different thicknesses ranging from 10 nm to 100 nm. When the thickness is less than 14 nm, the VO 2 (002) reflection does not move, indicating that the VO 2 films are fully strained. When the thickness is more than 14 nm, the VO 2 (002) reflection gradually shifts to a lower Bragg angle with the increasing thickness, which corresponds to an increased out-of-plane lattice constant. The shift of the VO 2 (002) reflection suggests that the tensile strain from the TiO 2 (001) substrates gradually relaxes. The inset of figure 1(a) shows the relation between the full width at half maximum (FWHM) of the XRD ω-scan rocking curves and the thickness of the VO 2 thin films. The FWHM of 10 nm thick films and 14 nm thick films are 0.073 and 0.0775, respectively, suggesting that these fully strained films have high crystallinity. The FWHM gradually increases with the increasing film thickness, indicating that the crystallinity becomes worse. Figure 1(b) shows the AFM images obtained from the VO 2 films with different thicknesses. The surface roughness gradually increases as the film becomes thicker, showing a direct relationship with the evolution of the strain state. The 10 nm thick films and the 14 nm thick films show very smooth surfaces, with the root-mean-square roughness at 0.271 nm and 0.275 nm, respectively. Both of these films have randomly distributed grainy structures, indicating the three-dimensional island growth mode. With the increasing thickness, a mass of hillocks appear and grow bigger, corresponding to the worse crystallinity, as shown in figure 1(b) . More defects should exist in thick films and thus induce strain relaxation. Figure 2 shows the temperature-dependent resistivity (ρ-T) curves of the VO 2 thin films. All of the films show metal-to-insulator transitions. The transition temperature remains at 290 K for the films with a thickness less than 14 nm. It has been reported that the critical thickness for VO 2 /TiO 2 (001) films is 15 nm [16] . Thus, our results are in good agreement with the theoretical result. When the thickness exceeds 14 nm, the MIT temperature gradually increases, approaching that of a VO 2 single crystal. This indicates that the tensile strain is gradually relaxed. The amplitude of the MIT is defined as the resistivity ratio between 360 K and 260 K. As the thickness increases from 10 nm to 100 nm, the amplitude of the MIT increases from 6.2 × 10 2 to 1.05 × 10 4 . Another characteristic of VO 2 MIT is the sharpness of the MIT. The MIT becomes sluggish when the thickness increases, indicating that the strain in the films is not homogeneous. The FWHM of the XRD ω-scan rocking curves and AFM images suggest that thicker films contain more defects. The inhomogeneous distribution of these defects may lead to the sluggish MIT. Nanoscale line cracks were observed in VO 2 films with thicknesses ranging from 10 to 30 nm [16] . These cracks could induce strain relaxation and multistep MIT with the increasing thickness. In our case, no nanoscale line cracks were observed, according to the AFM images. Since the deposition temperature and oxygen pressure were the same, the difference should come from annealing in situ and from the cooling process. The results indicate that the deposition process could affect the film structure and thus induce different strain relaxations and a different MIT process.
To figure out the mechanism of the suppressed MIT in ultrathin VO 2 films, the VO 2 films with thicknesses ranging from 3 to 6 nm were also carefully investigated. Figure 3(a) shows the XRD linear scans around the (002) reflections from the VO 2 films with different thicknesses. The films show broader (002) peaks with the decreasing thickness. The (002) peak of 3 nm thick VO 2 film disappears because the total diffraction intensity is very weak. Figure 3(b) shows the temperature-dependent resistivity (ρ-T) curves measured from the VO 2 films with different thicknesses. The 6 nm thick film shows a sharp transition with a change of about three orders of magnitude in resistivity, which is almost the same as the MIT of the 10 nm thick film. When the thickness is thinner than 6 nm, the transition becomes broader, the amplitude of the transition decreases, and the transition temperature gradually increases with the reducing thickness. The property of the VO 2 ultrathin films is very different than that of VO 2 films thicker than 6 nm. Thus, 6 nm should be the critical thickness at which the MIT of VO 2 films begin to be suppressed. Broadened and suppressed MIT have also been observed in other ultrathin transition-metal oxide films, such as manganites and nickelates [25] [26] [27] . These ultrathin oxide films have different critical thicknesses. Even with the identical films grown on different substrates, the critical thickness is often different, which can be attributed to the different strain suffered from the substrates [26] . The VO 2 /TiO 2 (001) films have a thicker critical thickness than other oxide films. It is speculated that the different critical thicknesses between the VO 2 / TiO 2 (001) films and other oxide films may be related to the different strains and crystal structures.
One possible reason for suppressed MIT in ultrathin VO 2 films is the diffusion of Ti from the TiO 2 substrate. Since the VO 2 films were grown at a high temperature (370°C), the diffusion of Ti from the TiO 2 substrate may happen. On the other hand, it has been reported that the introduction of Ti dopant in VO 2 will lead to a dramatic suppression of MIT [28] . The resistivity drop becomes much smaller when the concentration of Ti increases, and almost no hysteresis can be observed when the concentration of Ti is beyond 15%, which is similar with the ρ-T curves of the VO 2 films with different thicknesses, shown in figure 3(b) . The in situ annealing experiment was implemented to clarify whether diffusion is the main reason for the suppressed MIT in ultrathin VO 2 films. The 4 nm thick VO 2 film was selected because the transition was not absolutely suppressed. Figure 4 (a) shows ρ-T curves from 4 nm thick films annealed in situ for different time. The sharpness, amplitude and wideness of the transition all increase with the increasing annealing time. The amplitude of the transition (defined as the ratio of the resistivity at 360 K and 260 K) is about 28.3 for the film annealed for 10 min and increases to 595.7 for the film annealed for 160 min. Figure 4(b) shows derivatives of the resistivity variation curves (i.e. −d[log(ρ)]/dT for the heating cycle). The transition temperature for the films that annealed for different time, which ranged from 10 to 160 min, showed an increase: 310.6, 312.5, 313.5, and 319.3 K, respectively. If the suppressed transition of the VO 2 film, which was annealed for 10 min, is induced by the diffusion of the Ti atoms from the TiO 2 substrate, it is reasonable that when the annealing time is increased, more Ti atoms will diffuse into the VO 2 films. This will increase the concentration of Ti in the VO 2 films and thus suppress the transition of the VO 2 films. However, the transition is enhanced with the increasing annealing time in figure 4(a) . Consequently, the diffusion of Ti from the TiO 2 substrate, if any, is not expected to play a dominant role in inducing the transport behavior of the ultrathin VO 2 films.
Another possible reason for the suppressed MIT of ultrathin VO 2 films is the confinement effect from the interface [21] . Both the TiO 2 substrates and the metal phase of the VO 2 possess the rutile structure. Due to the effect of TiO 2 substrates, the VO 2 lattice near the interface will have a tendency to keep the rutile structure and thus need more energy to change to the monoclinic structure during the transition. As the thickness is small enough, the interface effect begins to play an important role, and the films will display exotic properties. The TiO 2 films with different thicknesses were deposited on 5 nm thick VO 2 films to investigate the interface effect between the VO 2 and TiO 2 layer, as shown in figure 5 . For single-layer films, the interface effect only comes from the TiO 2 substrate. When another TiO 2 layer was deposited on the VO 2 films, the two VO 2 /TiO 2 interfaces should have had a stronger confinement on the VO 2 layer. As shown in figure 5 , when the TiO 2 layer is 2 nm thick, the transition is largely suppressed compared with that of the uncovered VO 2 films, and the amplitude of the transition also decreases from 385 to 8.7. When the thickness of the TiO 2 layer increases to 6 nm, the MIT almost disappears, and the film displays a semiconductor behavior, suggesting that the interface effect should be stronger. It has been reported that as the occupancy of the d ║ orbitals decrease, the transition temperature decreases [29] . As the confinement effect increases, the V-V dimerization will be suppressed, and the occupancy of the d ║ orbitals will decrease. However, there is an exception to this scenario. It is noted that although the sharpness, amplitude and transition width are all suppressed in 3 nm thick VO 2 films, in figure 3(b) , the transition temperature increases, which cannot be successfully explained by the confinement effect. It is speculated that the degradation of the crystallinity may exist in 3 nm thick VO 2 films. The 3 nm thick VO 2 films may contain more defects and suffer an inhomogeneous strain from the TiO 2 substrates, which will result in an increased transition temperature. These results suggest that the interface effect should be the main reason why the suppressed MIT is induced in ultrathin VO 2 films, and the degradation of the crystallinity should also play an important role in ultrathin VO 2 films, especially 3 nm thick films.
Summary
The metal-to-insulator transition of VO 2 films with 3-100 nm on TiO 2 (001) substrates has been investigated. When changing the film thickness from 10 to 100 nm, the transition temperature was first kept at 290 K in the range of 10-14 nm and then increased with thickness increasing because of strain relaxation. For the VO 2 films thinner than 6 nm, the origin of the suppressed transition is very different. The sharpness, amplitude and width of the transition for the 4 nm thick film all increased with the increasing as-grown annealing time, suggesting improved crystallinity rather than Ti diffusion from the substrates. The MIT was suppressed when depositing a TiO 2 layer on VO 2 films, indicating that the interface effect via the confinement of the dimerization of V atoms should be the dominating reason.
